A brief overview of nuclear data required for medical applications is given. The major emphasis is on radionuclides for internal applications, both for diagnosis and therapy. The status of the presently available data is discussed and some of the emerging needs are outlined. Most of the needs are associated with the development of non-standard positron emitters and novel therapeutic radionuclides. Some new developments in application of radionuclides, e.g. theranostic approach, multimode imaging, radionanoparticles, etc. are described and the related nuclear data needs are discussed. The possible use of newer irradiation technologies for medical radionuclide production, e.g. intermediate energy charged-particle accelerators, high-power electron accelerators for photon production, and spallation neutron sources, will place heavy demands on nuclear data.
Introduction and general overview
Nuclear data are needed for applications in many fields. The scope of this article is limited to medical applications. The basic aim of the related data is to provide a fundamental base for external radiation therapy and, more importantly, for optimum production and internal application of radionuclides. The activities consist of new experimental measurements, nuclear model calculations, and standardisation and evaluation of existing data [cf. 1].
The most commonly used modality in the radiation treatment of a patient is photon therapy which is carried out using γ -rays from a 60 Co source or harder γ -rays from a linear accelerator. Since the photon energies are below the threshold of a nuclear reaction, the nuclear data play almost no role and atomic and molecular data are much more important [cf. 2] . The radiation causes ionisation and excitation of atoms and molecules and it is mostly the locally generated secondary electrons that lead to the therapeutic effect. Another modality is fast neutron therapy. The nuclear data requirements for this modality are extensive, especially with regard to (n, charged particle) reactions induced in the tissue. It is these secondary charged particles (i.e. protons and 4 He nuclei) which lead to the therapeutic effect. In recent years, however, due to its unspecific nature the neutron therapy has been mostly abandoned. A newer fast developing modality involves the use of 70 to 250 MeV protons. As is well known, the protons lose energy while traversing the tissue but their intensity loss is mainly towards the end of the path length, i.e. in the "Bragg peak" area. This makes the proton therapy very specific. It should, however, be pointed out that also in proton therapy atomic and molecular data are of prime importance and extensive investigations are underway in several laboratories. Those studies are, however, beyond the scope of this review. As a e-mail: s.m.qaim@fz-juelich.de far as nuclear data are concerned, non-elastic cross sections as well as microscopic cross sections, average energies and angular distributions of emitted n, p, d, α and γ are of interest [cf. 3] . The data on the formation of activation products are also needed, although it has been shown that the dose in proton therapy due to radioactive products is <1 % of the total dose [4] . In a rather specialized form of charged-particle therapy, heavy-ion beams are used. The status and needs of data are somewhat similar to those for proton therapy. Charged-particle-therapy -related nuclear data work is performed in a few special laboratories, some of which is being reported at this conference.
As far as internal applications of radionuclides are concerned, both diagnosis and therapy are performed [cf. 5] . Each application, however, demands a special type of radionuclide, its selection being dependent on its decay data. There are two guiding factors a) efficient detection of emitted radiation from outside of the body, b) radiation dose caused to the patient.
For efficient detection, a short-lived radionuclide emitting a single or major γ -ray of energy about 150 keV or a positron is very suitable. Regarding the radiation dose, attention has to be paid to the emitted corpuscular radiation, i.e. α or β − particles (or low-energy electrons). A complete set of decay data is needed to calculate the radiation dose.
The production of a radionuclide demands a knowledge of nuclear reaction cross sections. These data are important to (i) determine the optimum energy range for the production of the desired radionuclide, (ii) calculate the expected thick target yield of the radionuclide, (iii) determine the level of isotopic radionuclidic impurities for a given thickness and enrichment of the target material.
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In a nuclear reactor, radionuclide production is generally done via nuclear fission or an (n,γ ) reaction. In a few special cases double neutron capture and (n,p) reactions are also used. In general, neutron-spectrum averaged cross sections of all those processes are available, though with relatively large uncertainties in a few cases. In cyclotron production of a radionuclide the data requirements are much more stringent than in a nuclear reactor. A full knowledge of the excitation functions of the relevant nuclear reactions is needed. This article gives an overview of the nuclear data needed for medical applications, mainly those related to internal applications of radionuclides. The emphasis is on data for novel radionuclides, where the needs are extensive and often demanding.
Commonly used radionuclides in nuclear medicine

Diagnostic radionuclides
The underlying principle in diagnostic nuclear medicine is that the radiation dose to the patient is as low as possible, compatible with the required quality of imaging and the diagnostic advantage in comparison to nonradioactive methods. 68 Ge and 82 Sr) are produced using intermediate energy protons from a cyclotron or an accelerator. All the other radionuclides are produced via direct charged-particle induced reactions at cyclotrons. Except for a few discrepancies, the decay and production data of all those routinely used radionuclides are well known [cf. [6] [7] [8] . However, if any of the presently used SPECT radionuclides is to be considered for application in Auger therapy, more detailed Auger electron spectra would be needed.
In recent years an apprehension has arisen about the shortage in the supply of the most commonly used SPECTradionuclide 99m Tc, due to possible shut-down of nuclear research reactors. This has led to considerable scientific effort with the aim to develop alternative accelerator-based production methods for the parent radionuclide 99 Mo as well as the desired product 99m Tc. Nuclear reactions induced by fast neutrons, fast photons as well as 10 -40 MeV protons and deuterons have been investigated (for recent reviews cf. [9, 10] ). Nuclear data for some reactions are known [cf. [11] [12] [13] with reasonable accuracy for present calculations. Today, the most promising route is the 100 Mo(p,2n) 99m Tc reaction using highly enriched target material. The cross section data for this reaction have been thoroughly measured [cf. [14] [15] [16] and evaluated [17] , so that the database is now reliable. However, for a critical check of the impurities associated with this process as well as for development of other possible production routes, further extensive nuclear data studies are necessary.
Therapeutic radionuclides
In internal radionuclide therapy, a well-defined localized radiation dose needs to be deposited in a malignant or inflammatory tissue. Therefore, radionuclides emitting low-range highly-ionising radiation, i.e. α or β − particles, conversion and/or Auger electrons, are of great interest. Among the β − emitters, the radionuclides 32 The radionuclides 211 At and 103 Pd are produced at cyclotrons. All the other radionuclides are produced via irradiations in a nuclear reactor. Except for small discrepancies in some decay schemes or uncertainty in individual (n,p), (n,γ ) or double neutron capture cross sections, the decay and production data of all those radionuclides are fairly well known from the viewpoint of routine patient-care studies [cf. 8, 18, 19] .
Research oriented radionuclides
In recent years, nuclear data research related to medical radionuclides has been carried out mainly on non-standard positron emitters and novel therapeutic radionuclides. A brief discussion is given below.
Non-standard positron emitters
With the growing significance of PET in diagnostic nuclear medicine, the need for novel positron emitters, also known as non-standard positron emitters, has been increasing, especially for studying slow metabolic processes and for quantification of targeted therapy. The decay data of the emerging positron emitters are sufficiently known; yet discrepancies exist in several cases, especially with regard to the β + emission intensities. It is therefore suggested to revise the mass decay chains of most of the potentially interesting positron emitters, and perform new measurements using improved techniques, wherever necessary.
The production data of non-standard positron emitters have been discussed in detail in recent reviews [9, 20] . In this article, therefore, only a few salient features are considered. The development of a suitable production process of a novel positron emitting radionuclide demands investigation of several nuclear reactions. In most cases it is necessary to use a highly enriched isotope as target material. The choice of the production route then depends mainly on the yield of the desired radionuclide and the expected level of the radioactive impurities. So far about 25 novel positron emitters have been developed, most of them using a small-sized cyclotron (with E < 20 MeV). The common route of production is the low-energy (p,n)-reaction on an enriched target isotope. In a few cases other low-energy reactions, such as (d,n) and (p,α), have also been employed [cf. 20] . Out of all the radionuclides developed, four of them, namely 64 Cu, 86 Y, 89 Zr and 124 I, are finding wider application. The number of relevant reactions studied for their production has therefore also been correspondingly large. The low-energy (p,n)-reaction on an enriched target isotope is favoured because it generally leads to a high-purity product. For several radionuclides the (p,n) reaction data are now precisely known, e.g. for 64 Cu [cf. 21]. However, in several other cases there are inconsistencies. As a typical example, the excitation function of the reaction 86 Sr(p,n) 86 Y is shown in Fig. 1 [22] . The experimental data are compared with the results of nuclear model calculations using three standard codes, namely ALICE-IPPE, TALYS and EMPIRE. All the codes describe the shape of the excitation function rather well but the magnitudes are different. It is evident that the scatter in the experimental data is large and more precise measurements are called for.
Despite the great success of the low energy nuclear reactions to produce most of the non-standard positron emitters with high radionuclidic purity, there are several important positron emitters which can be produced on a clinical scale only via intermediate energy chargedparticle beams (E = 40-100 MeV Gd(p, 4n) 152 Tb, etc. The nuclear reaction database of all those processes is rather weak and further experimental and theoretical work is needed.
Novel therapeutic radionuclides
The number of potentially interesting therapeutic radionuclides is very large. However, the emphasis is now on low-range but highly-ionising radiation emitters. In two recent reviews the status of decay and production data of some important emerging therapeutic radionuclides has been discussed [cf. 9, 10] . The scope of this article is therefore limited to only a few important features related to the three groups of radionuclides, namely low-energy β − emitters, α-emitters and very low-energy electron emitters.
Among 67 Cu, the fission spectrum averaged (n,p) cross section is known [cf. 24, 25] but it shows some discrepancy with the value integrated from the excitation function. In the case of the (γ ,p) reaction, only the integral yield has been measured [26] . Among the two charged-particle induced reactions, cross section data of the low energy 70 Zn(p,α) 67 Cu reaction appear to be reliable but the yield is low and the target material is very expensive. Regarding the 68 Zn(p,2p) 67 Cu reaction, the yield is high in comparison to all other processes (cf. Fig. 2 ). However, there is a big discrepancy in the excitation function of the (p,2p) reaction. In view of the increasing significance of 67 Cu, a precise redetermination of the production data for this reaction is recommended.
Among the group of α-emitters for targeted therapy, the radionuclide 225 Ac is attracting great attention. Its decay scheme has been recently evaluated [19] and the possible production methods include, (a) separation from nuclear waste, (b) 226 Ra(p,2n) 225 Ac, (c) 232 Th(p,x) 225 Ac. All the methods are in development. As far as nuclear data are concerned, the database for the (p,2n) reaction is weak Zn, shown as a function of proton energy (curves based on the numerical values given in Ref. [19] ). The produc-tion yield for the 68 Zn(γ ,p) 67 Cu reaction is taken from Ref. [26] and that for the 67 Zn(n,p) 67 Cu reaction from Ref. [25] , in both cases using a nat Zn target.
[cf. 27]. The spallation of 232 Th to produce 225 Ac, however, has been receiving enhanced attention and some detailed measurements have been reported [28, 29] . Further work on the formation of impurities is continuing [cf. 30] .
As far as the group of very low energy electrons is concerned, three radionuclides, namely 117m Sn (T 1 / 2 = Sn emits quasi-monoenergetic conversion electrons, the decay of the other two nuclides leads to the release of an avalanche of Auger electrons. All the three radionuclides constitute a high-spin isomeric state of the respective isotope. As discussed recently in detail [31] , such states are preferentially populated in α-particle induced reactions. Some production data for the three radionuclides are available [cf. [32] [33] [34] [35] but the database needs further improvement. More detailed information on the Auger electron spectra is also needed.
Concluding remarks and future data needs
The foregoing discussion shows that in external radiation therapy, the atomic and molecular data are of paramount importance. Nuclear data play a very important role in the development of radionuclides for in-vivo applications.
The radioactive decay data govern the choice of a radionuclide for medical application and the nuclear reaction data allow optimisation of its production route. Whereas the data needed in routine patient-care studies are available and are generally sufficient, the development of non-standard positron emitters and novel low-range highly-ionising radiation emitters for internal radiotherapy demands considerable amount of new and reliable decay and reaction data. The former are generally produced at a low-energy (E < 20 MeV) cyclotron via the low-energy (p,n) reaction. However, for the production of several positron emitters, like 52 
Novel therapeutic radionuclides
• Re-evaluate intensities of emitted corpuscular radiation • Improve knowledge of Auger electron spectra • Strengthen charged-particle database for production (via measurements and calculations).
Over the last few years, two important new developments in the application of radionuclides have been emerging. The first one deals with a combination of PET and internal radiotherapy (theranostic approach) and the second one with a combination of PET and magnetic resonance imaging (MRI). In the former case a β + emitting and a therapeutic radionuclide of the same element are simultaneously injected in a patient, as it was originally done using 86 Y and 90 Y [36] . In the latter case a β + emitting radionuclide of the contrast agent manganese [e.g. 52 Mn (T 1 / 2 = 5.6 d)] is useful. Evidently, for those two fast expanding applications, further novel radionuclides will have to be developed, entailing also detailed nuclear data studies. On a longer term basis, the radionuclide research
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could also involve a combination of radioactivity and nanotechnology, provided toxicity problems are overcome. The future perspectives of radionuclide research for medical applications, involving also nuclear data studies, thus appear to be very bright. Development work is also underway on newer irradiation technologies for medical radionuclide production, e.g. intermediate energy charged-particle accelerators, highpower electron accelerators for photon production, and spallation neutron sources. The supporting nuclear data research will therefore also continue to receive further attention [cf. 10] .
